Excessive or imbalanced fertilization has not only decreased nutrient use efficiency, but also degraded arable land and posed a great threat to the environment. In this study, the datasets were collected from field experiments for the period 1992 to 2017 in the main potato (Solanum tuberosum L.) production regions of China. We used the Quantitative Evaluation of the Fertility of Tropical Soils (QUEFTS) model to estimate the soil-plant balanced N, P, and K requirements for the potato in China. Our results revealed that there were great differences in the potato yield and nutrient uptake. The upper and lower 2.5th percentiles of N, P, and K internal efficiencies (IE, kg tuber per kg nutrient in the total plant) data were used as maximum accumulation (a) and maximum dilution (d) boundary parameters in the QUEFTS model, which were 133 and 463 kg kg -1 for N, 652 and 3030 kg kg -1 for P, and 119 and 790 kg kg -1 for K, respectively. The QUEFTS model predicted plant nutrient uptake of 4.0 kg N, 0.7 kg P, and 3.5 kg K to produce 1 Mg of tuber in the linearly distributed portion, and a corresponding tuber nutrient demand of 2.9 kg N, 0.5 kg P, and 2.3 kg K to produce 1 Mg of tuber. Field validation experiments confirmed that the QUEFTS model could be used to simulate optimum nutrient uptake and provide appropriate parameters in building fertilizer recommendation, which helps improve nutrient use efficiency for potato in China.
Core Ideas
• This is the first report of QUEFTS model on estimating the optimum nutrient requirements for potato crops in China. • The datasets used in this study were collected from multi-year-site field experiments. • Multi-site field validation experiments in potato-producing areas confirmed the feasibility of QUEFTS model-simulated nutrient uptake. P otato plants have relatively shallow root systems and is grown widely in China, ranking fourth of all crop productions. In pursuit of higher yields, farmers are applying tremendous amounts of fertilizers, which has led to not only lower yield, but low nutrient use efficiency and environmental problems as well (Chen et al., 2012; Liu et al., 2014) . To better improve nutrient use efficiency and decrease environmental impacts, improved methods for optimum fertilizer recommendations are necessary for potato production in China.
The traditional fertilization recommendation based on soil testing has contributed positive yield responses in potato-producing areas of China (Duan et al., 2014; Li et al., 2015) . Although soil testing is a more accurate method to evaluate the nutrient availability in the soil for scientists, there are great challenges in terms of fertilizer application for smallholder farmers and the wide variety of potato cropping systems in China (Alva et al., 2011; Bai, 2015; Cui et al., 2018) . Site-specific nutrient management (SSNM) was originally used for rice (Oryza sativa L.) and mainly focused on the optimization of site-specific N management based on potential yield and yield response to the application of fertilizer (Dobermann et al., 2002; Pasuquin et al., 2014) . A modification of the QUEFTS model has been advocated by SSNM to estimate field-specific N, P, and K recommendations (Smaling and Janssen, 1993; Pampolino et al., 2012; Pasuquin et al., 2014) . In the past, many nutrient management strategies have only focused on a single nutrient, ignoring inter-relationships among N, P, and K. The QUEFTS model, however, simulates N, P, and K interactions in soil-plant systems, as well as the balance between the indigenous soil nutrient supply and plant nutrient uptake based on different potential yields (Setiyono et al., 2010) .
The QUEFTS model has been used for rice (Xu et al., 2015) , wheat (Chuan et al., 2013a (Chuan et al., , 2013b , soybean [Glycine max (L.) Merr.] (Yang et al., 2017) , rapeseed (Brassica napus L.) (Ren et al., 2015) , cassava (Manihot esculenta Crantz) and sweet potato [Ipomoea batatas (L.) Lam.] crops (Kumar et al., 2016) over large areas. Years of field validation have demonstrated that this model is adaptable to different crops, production areas, climates, and soil types, and therefore could possibly be used to estimate potato nutrient demands for potential yields in China (Sattari et al., 2014) . The purposes of the present study were to: (i) determine the relationship between potato nutrient uptake and yield; (ii) estimate the optimal N, P, and K requirements for potato crops; and (iii) evaluate the QUEFTS modelsimulated nutrient uptakes using field validation.
MATeRIALS AND MeTHODS

Data Sites
Based on cultivated regions and administrative divisions, six distinct potato-producing areas were divided in China (Teng et al., 1989; Li and Jin, 2011) : the Northeast (NE), Northwest (NW), north-central (NC), the Middle and lower reaches of Yangtze River (MLYR), Southeast (SE), and Southwest (SW) ( Fig. 1 , Table 1 ). The NE and NW regions use a monocropping system in which potato is planted in late March and harvested in early October. With cool temperatures, vast cropland area, and sufficient sunshine, the NE and NW are both important high-quality seed potato production regions in China. Potato in the NC and MLYR areas is grown from late February to mid-June, or from August to early November, avoiding the higher temperatures between mid-June and August. Potato in the SE is grown from mid-or late October to late December or early January, or from mid-January to early or mid-April. Rice-potato-rice, rice--potato-potato-rice, and autumn potato-winter potato systems are common in the SE, where farmers realize high profits catering to potato demand during the winter. The SW plant either single or double potato crops per year, depending on elevation. Since the climate at altitudes over 2000 m is similar to that found in the NE and NW, a single cropping system is employed in these areas. The climate at elevations between 1000 and 2000 m is similar to that of the NC and MLYR, and conditions below 1000 m in the SW are similar to those found in the SE. There has been a steady increase in potato hectareage in the SE and SW following the rice crops in winter, and the continuous potato cropping system is still common in areas with two annual crops. Climate and soil nutrient characteristics for all six potato-producing areas are shown in Table 1 .
Data Sources
To assess the relationship between nutrient uptake and tuber yield for potato in China, the datasets for QUEFTS model were collected from field experiments conducted by the International Plant Nutrition Institute (IPNI) China Program from 1992 to 2012 and 2017 that conducted by our group, and related published field experiments in peer reviewed journals of China Knowledge Resource Integrated database from 2000 to 2016 (www.cnki.net). Fertilization treatments included farmers' practice, optimal fertilization, and a series of nutrient omission plots of N, P, or K based on optimal fertilization treatment. In the optimal fertilization treatment, N, P, and K were applied in accordance with soil test and yield targets in the IPNI experiments. In published studies, the optimal fertilization treatment was selected by the highest yield and good field performance. In the farmers' practices treatment, fertilizer and field management were in accordance with farmers' traditional practice.
The QUeFTS Model
The QUEFTS model was used to simulate optimal nutrient uptake and used a large number of databases to evaluate relationship between tuber yield and nutrient uptake following a linear-parabolic-plateau model, the interactions of N, P, and K were considered to avoid deviation where a single or a few data to guide fertilizer application (Janssen et al., 1990, Smaling and Janssen, 1993; Witt et al., 1999) . The maximum accumulation (a) and maximum dilution (d) boundary were calculated from the data set which removed outliers or potential errors, and used to estimate nutrient requirements by using QUEFTS model. The lower and upper 2.5 (Set I), 5.0 (Set II), and 7.5 (Set III) percentiles of the N, P, and K internal efficiency [IE, kg tuber per kg nutrient in the total plant nutrient (both tuber and aboveground)] were used as a and d values. The nutrient requirements calculated by the QUEFTS model were similar for all three sets, except at the yield target approaching the potential yield. Since 2.5included a larger range of variability, it was then used to estimate balanced nutrient uptake and the relationship between tuber yield and nutrient accumulation, which were similar to previous reports (Witt et al., 1999; Liu et al., 2006; Xu et al., 2013) . The balanced nutrient uptake from QUEFTS model was used to balance soil and plant based P and K nutrient maintenance in Nutrient Expert system. The Nutrient Expert system is a nutrient decision support system based on SSNM and a modified QUEFTS model developed by the IPNI (Pampolino et al., 2012; Chuan et al., 2013a) . In the Nutrient Expert, the fertilizer recommendation for N was determined by the yield response (yield gap between full NPK fertilizer application and N omission plot) and agronomic efficiency of N fertilizer application. The P and K rates were determined by yield response and plant-soil nutrient balance of P and K uptake for different target yield, and simulated nutrient uptake from the QUEFTS model was used to balance soil and plant maintenance of P and K for certain tuber yield targets.
On-farm field validation was conducted in the potato-producing provinces of Inner Mongolia (11), Jilin (5), Guizhou (8), and Sichuan (11) in 2017 based on Nutrient Expert method (Tables   2 and 3) , to compare the difference between observed and simulated nutrient uptake. The fertilizer applications were 164 to 228 kg N ha -1 , 79 to 135 kg P 2 O 5 ha -1 , and 109 to 240 kg K 2 O ha -1 , and all experiments followed a standardized experimental protocol guided by local agricultural technicians. We collected both the senesced or the dead leaves and the alive leaves, and the tubers at harvest trying to collect all the leaves. The N, P, and K concentrations were measured for tuber and aboveground biomass at harvest.
Model validation and Statistical Analyses
The root-mean-square error (RMSE), mean error (ME), normalized-RMSE (n-RMSE), and index of agreement (d) were used to evaluate deviations between QUEFTS model-simulated values and observed N, P, and K uptakes. Here, m i and s i are the observed and simulated values, respectively; n is the number of observed values, and m is the total mean of the observed data across all experiments. The RMSE and ME were used to determine discrepancies for values having the same units of measure, while n-RMSE allowed comparison between values having different measurement units. The d value was used for comparisons between simulated and observed values in the range (0-1). If d value was less than 0.5, the modelsimulated results were poor (Ren et al., 2015; He et al., 2018) . The SPSS 19.0 software was utilized to analyze the significance differences between the means of simulated and observed values using the t test at the 5% significance level.
ReSULTS
Characteristics of Yield and Nutrient Uptake
The overall average tuber yield (85% moisture content) for the field experiments in China was 25.1 Mg ha -1 , with a wide range of 0.4 to 75.9 Mg ha -1 (including the omission plots) ( Table 4 ). The average HI was 0.74, with a range of 0.40 to 0.95, and 95% of the HI values were between 0.52 and 0.87 (Fig. 2) .
The average N, P, and K concentrations in tubers were 16.8, 3.1, and 20.1 g kg -1 , with ranges of 3.5 to 38.8, 0.8 to 8.2, and 2.3 to 90.9 g kg -1 . The average nutrient concentrations found in the aboveground were 20.2 g N kg -1 , 3.1 g P kg -1 , and 21.8 g K kg -1 , with ranges of 0.2 to 45.2 g N kg -1 , 0.6-8.9 g P kg -1 , and 2.8 to 72.7 g K kg -1 (Table 4) . The average N, P, and K accumulations in tubers were 2.2, 3.0, and 2.5 times those of aboveground biomass, respectively. In addition, the nutrient harvest indices of N (NHI), P (PHI), and K (KHI) were 0.67, 0.76, and 0.73 kg kg -1 , respectively (Table 4 ). Potato tubers absorbed a substantial proportion of the nutrients.
Internal and Reciprocal Internal Efficiencies
The average IE of N, P, and K were 252.5, 1598.8, and 276.3 kg kg -1 , respectively. The average reciprocal internal efficiency (RIE, total plant nutrient requirement both tuber and aboveground to produce 1 Mg of tuber yield) of N, P, and K were 4.4, 0.7, and 4.4 kg Mg -1 , respectively (Table 5 ). Since the data for yields with at least one N, P, or K nutrient uptake were included, the IE (112.5-740.7 kg kg -1 N, 525.4-3822.8 kg kg -1 P, and 99.8-1111.8 kg kg -1 K) and the RIE (1.4-8.9 kg N Mg -1 , 0.3-1.9 kg P Mg -1 , and 0.9-5.4 kg K Mg -1 ) both varied tremendously.
estimating Optimum Nutrient Uptakes
The constants a and d were 133 and 463 kg kg -1 for N, 652 and 3030 kg kg -1 for P, and 119 and 790 kg kg -1 for K, respectively, and adopted to estimate the relationship between target yield and balanced plant N, P, and K requirements for different potential yields (30-60 Mg ha -1 ) using QUEFTS model. The model estimated a linear relationship between target yield and optimum nutrient uptake until the target yield reached approximately 60 to 70% of the potential yield (Fig. 3) .
Since the average potato yield in China was among 0.4 to 75.9 Mg ha -1 with averaged 25.1 Mg ha -1 across all sites, a potential yield of 60 Mg ha -1 was used to simulate the plant N, P, and K uptakes and the tuber yield rarely exceeded this level in China (Table 6 ). The QUEFTS model simulated plant nutrient requirements of 4.0 kg N, 0.7 kg P, and 3.5 kg K in the linear section of the uptake curve to produce 1 Mg of tubers, with corresponding tuber nutrient demands of 2.9 kg N, 0.5 kg P, and 2.3 kg K to produce 1 Mg of tubers. The optimal N/P/K ratios were 1.0:0.2:0.9 for total potato plants and 1.0:0.2:0.8 for tubers. Since 71.8% N, 69.9% P, and 66.1% K were in the tubers themselves and thus were removed from the fields, balanced fertilization may avoid the luxury uptake of K in tubers.
Field validation
The relationship between QUEFTS model-simulated and Nutrient Expert treatment-observed nutrient uptakes was analyzed (Fig. 4) . The RMSE, n-RMSE, ME, and d values were 35.6kg ha -1 , 24.4%, -8.2 kg ha -1 , and 0.88 for N; 9.7 kg ha -1 , 37.7%, -1.4 kg ha -1 , and 0.70 for P; and 116.4 kg ha -1 , 62.8%, -66.9 kg ha -1 , and 0.53 for K, respectively. The points around the 1:1 line showed some deviation and luxury uptake for observed K in Guizhou and Sichuan. The observed K uptake (P < 0.05) was significantly higher than simulated in Sichuan and Guizhou, respectively. The observed N and K uptake in Nutrient Expert treatment (P < 0.05) were significantly lower than simulated in Jilin, respectively.
DISCUSSION
The average tuber yield in the present study was higher than the national average of 15.4 Mg ha -1 and the global average of 17.9 Mg ha -1 from 2000 to 2016 (FAO, 2016) . Potato production co-exists with poverty and is more adaptable to resource-poor areas in China than other food crops. Regions benefiting from improved potato varieties, better field management techniques, and more favorable soil nutrient and climate conditions experienced great improvements in potato yield (Bélanger et al., 2001; Moinuddin et al., 2006; Devaux et al., 2014; Tein et al., 2014) .
The HI was slightly affected by N, P, and K supply levels and more stable than total biomass from the study of Sandaña and Kalazich (2015) . The HIs lower than 0.40 were excluded as crops suffered from either disease or some sort of water, abiotic, or biotic stress in this case (Hay, 1995; Witt et al., 1999) . And potato normally has a higher HI than other crops (0.4-0.5), such as wheat, corn (Zea mays L.), and rice (Hay, 1995; Sandaña and Kalazich, 2015) . White et al. (2009) estimated the average nutrient concentrations in tubers to be 15.6 g N kg -1 , 2.4 g P kg -1 , and 20.0 g K kg -1 between and within potato species, with ranges of Fig. 2 . Distribution of yield and harvest index of potato crops. † n is number of observations. ‡ HIs lower than 0.40 were excluded in the Quantitative Evaluation of the Fertility of Tropical Soils (QUEFTS) model. 11.2 to 19.9 g N kg -1 , 1.3 to 3.0 g P kg -1 , and 13.8 to 21.3g K kg -1 . These average values were higher than those found in the present study. Earlier studies, though not statistically robust, confirmed that higher-yielding varieties were observed in lower nutrient concentrations than lower-yielding varieties (Tekalign and Hammes, 2005; White et al., 2009) . Duan et al. (2014) estimated an average required nutrient uptake of 5.3 kg N, 0.6 kg P, and 5.0 kg K to produce 1 Mg of tubers. Their experiments were long-term and multi-site and featured optimal management, which located in Wuchuan county and Chayouzhongqi in Inner Mongolia of China. Their uptake values ranged from 4.0 to 7.6 kg N Mg -1 , 0.4 to 1.1 kg P Mg -1 , and 3.0 to 7.8 kg K Mg -1 and the average yield was 37.4 Mg ha -1 (24.4-60.2 Mg ha -1 ). The higher RIEs of N and K in Duan et al. (2014) study were likely related to the higher yield levels (Yang et al., 2017) . However, overfertilization and high soil nutrient availability led to an increasing rate of higher RIEs with lower yields, confirming the presence of luxury consumption throughout the potato growth cycle (Kang et al., 2014) . Furthermore, given the large supply of indigenous soil nutrients, the fertilization recommendation based on RIE was not reliable (Rosen et al., 2014; Ruark et al., 2014) . Soil nutrient conditions, plant nutrient demands, and the interactions between N, P, and K must be taken into consideration when proposing a fertilizer recommendation. The optimal N/P/K ratios were 1.0:0.2:0.9 for potato plants in the present study, while Kumar et al. (2018) estimated the optimal N:P:K ratio was 1.0:0.2:1.3 with higher potassium demand using QUEFTS model.
Field validation results showed that widespread unreasonable fertilization existed in the farmers' practice treatment, and also that Nutrient Expert combined with QUEFTS model provided a feasible fertilization recommendation that reduced the risk of environment pollution and increase yield (Pampolino et al., 2012) . Since the points around the 1:1 line showed some deviation and luxury uptake for observed K in Guizhou and Sichuan (Fig. 4) , which had greater initial K availability in the soil ( Table 2 ). The high soil NH 4 OAc-K content and high K 2 O application were the major reason to a luxury K uptake in Guizhou (Kang et al., 2014) , we should do field experiments and correct K recommendation further. However, in Inner Mongolia, only one point was far from the 1:1 line, indicating that there was no clear luxury K uptake in this site, mainly because the initial K availability in the soil was much lower than in Guizhou and Sichuan sites.
CONCLUSIONS
There was a wide variation in tuber yield and nutrient uptake corresponding to the broad range of climatic conditions, soil types, and cropping systems found in China. The average tuber yield of potato crops in China was 25.1 Mg ha -1 . The average N, P, and K accumulations were 87.7, 15.8, and 91.9 kg ha -1 in tubers, and 39.8, 5.3, and 37.1 kg ha -1 in the aboveground, respectively. The QUEFTS model predicted that target yield and nutrient uptake would be linearly distributed until the target yield reached approximately 60 to 70% of the potential yield. The QUEFTS model simulated that 4.0 kg N, 0.7 kg P, and 3.5 kg K were required for total plant to produce 1 Mg of tuber in the linearly distributed portion of the uptake curve, as well as corresponding requirements of 2.9 kg N, 0.5 kg P, and 2.3 kg K for tuber to produce 1 Mg of tuber. Tuber N, P, and K accounted for 71.8, 69.9, and 66.1% of the nutrients in the potato plant in the linearly distributed portion, respectively. Field validation demonstrated that the QUEFTS model could be used to simulate potato nutrient uptake and provide appropriate parameters for Nutrient Expert system, and thus help to optimize fertilization recommendations in China.
